INTRODUCTION AND OVERVIEW
Photosynthesis in plants converts the energy of sunlight into chemical energy. Although photosynthesis involves many proteins and catalytic processes, it often is described as two sets of reactions: the light-dependent reactions and the carbonfixing reactions. Plants do not have a monopoly on photosynthesis, which also occurs in other photosynthetic eukaryotes and several species of bacteria. In a separate Teaching Tool, The Light-Dependent Reactions of Photosynthesis, we describe how the energy of sunlight is converted to chemical energy and ultimately stored as ATP and NADPH. Here, we describe how these energy-storing compounds are used in the reduction of carbon dioxide (CO 2 ) to form sugars, starting with the key enzyme of carbon fixation and one of the most intriguing of all enzymes, ribulose-1,5-bis-phosphate carboxylase/oxygenase, also known as Rubisco.
Rubisco is the key enzyme of the photosynthetic carbon fixing reactions and is responsible for the fixation into organic form of ;100 Gt (1 Gigaton [Gt] 5 1 petagram [Pg] 5 10 15 g) of carbon annually. This annual turnover represents approximately oneseventh of the total amount of atmospheric CO 2 . In spite of this impressive figure, Rubisco is a notoriously inefficient enzyme. Rubisco's low efficiency and the great demand for photosynthetic carbon fixation mean that Rubisco is the most (or nearly the most) abundant protein in the world. Rubisco's inefficiency is due to both its slow reaction rate and its inability to fully discriminate between CO 2 and O 2 . Rubisco's oxygenation reaction forms an inhibitory product that must be removed and recycled through the process of photorespiration. To minimize this, many organisms concentrate CO 2 upstream of Rubisco, through structural or biochemical processes. About 10% of terrestrial plants use the enzyme phosphoenolpyruvate carboxylase (PEPC) for the primary carboxylation reaction, upstream of Rubisco. Two similar PEPC-based carboxylation strategies have evolved, C 4 and CAM (Crassulacean acid metabolism).
This lesson introduces the carbon-fixing reactions and their variations and explains how a greater understanding of Rubisco, photorespiration, C 4 , and CAM can contribute to yield enhancements of crop and biofuel plants. It also addresses how and why plants are affected by rising atmospheric CO 2 levels.
RUBISCO Function and Structure
Rubisco is found in photosynthetic organisms including cyanobacteria (related to chloroplasts) and other photosynthetic bacteria such as purple sulfur bacteria. Rubisco is also present in some organisms that use energy sources other than sunlight to fix carbon, such as chemolithoautotrophic prokaryotes. In chloroplasts, Rubisco resides in the stroma (the space outside of the thylakoids but within the chloroplast membranes; for more on chloroplast structure, see The Light-Dependent Reactions of Photosynthesis).
The name Rubisco refers to the enzyme's dual catalytic activities; it can carboxylate or oxygenate ribulose-bisphosphate (RuBP). The carboxylation reaction provides carbon skeletons for biosynthesis and growth (details below), whereas the oxygenation reaction forms a product that requires energy for removal and recycling and results in loss of fixed CO 2 (details below). The inability of Rubisco to fully discriminate between CO 2 and O 2 reflects both the similarity in the electrostatic potential of these molecules and the atmospheric conditions in which Rubisco first evolved. About 3 billion years ago the concentration of CO 2 in the atmosphere was on the order of 100-fold higher than today and very little O 2 was present. The high ratio of CO 2 to O 2 made Rubisco's oxygenation reaction unlikely, so there was little to no selective pressure against this competing reaction. In the intervening years, CO 2 levels have dropped to 0.04% of atmospheric gasses and O 2 levels have risen to 20% as a consequence of oxygenic photosynthesis. Because of this, some RuBP oxygenation is inevitable.
The extent of Rubisco's oxygenation reaction is variable. When the concentration of CO 2 at Rubisco's catalytic site is further lowered, such as when plants close their stomata to decrease their rate of transpiration due to water stress, the extent of the oxygenation reaction increases. Additionally, at higher temperatures the Rubisco oxygenation reaction is favored and the solubility of O 2 relative to CO 2 increases, which has the effect of further increasing the oxygenation reaction.
The energetic consequences of Rubisco's oxygenation reaction are considerable. Many organisms have evolved strategies to minimize the probability and consequences of RuBP oxygenation. Some involve carbon-concentrating mechanisms (described later), but other strategies involve adaptations of the Rubisco enzyme itself.
For many years it appeared as though there was a trade-off between Rubisco's catalytic specificity (ability to discriminate between CO 2 and O 2 ) and the rate of the carboxylation reaction. For example, cyanobacteria, which have an efficient carbonconcentrating mechanism, show low specificity but relatively high carboxylation rates. By contrast, red algae show high specificity and low carboxylation rates, and green plants fall somewhere in between. In general, Rubisco in C 4 plants, which concentrate CO 2 , is less selective and faster than Rubisco in C 3 plants. However, recent data from diatoms show no apparent relationship between specificity and carboxylation rate, suggesting that Rubisco may have more catalytic diversity than had previously been thought. Rubisco's natural variation is being explored as a basis for enhancing carbon-fixing reactions in major crop plants, which could lead to higher yields.
It needs to be pointed out that even "fast" forms of Rubisco are quite slow compared with most enzymes, having a catalytic rate in the range of only 3 to 10 reactions per second (described by one author as "pitifully sluggish"; as a comparison, carbonic anhydrase catalyzes 500,000 reactions per second). Thus, for efficient photosynthesis to take place, plants must produce vast amounts of Rubisco, which is estimated to account for as much as 50% of the soluble protein in C 3 plants, but perhaps only one-third as much in C 4 or CAM plants with carbon-concentrating mechanisms. In some algae that have efficient carbon-concentrating mechanisms, Rubisco may be as little as 2% of total protein, although in other algae it is more like 5 to 10%.
The structure of Rubisco varies in different lineages. Plants produce Form 1 L 8 S 8 enzyme, which is made up of eight of the large subunit (LSU) proteins that contain the catalytic domain, and eight of the small subunit (SSU) proteins. The minimal form of Rubisco, found in some bacteria, is formed from an LSU dimer. The dimer has two identical catalytic domains, each of which is formed from amino acid residues from both monomers. SSU in plants has regulatory functions that affect the enzyme's catalytic properties and also the assembly of the holoenzyme.
In plants and green algae, LSU is encoded by a single gene in the multicopy chloroplast genome, and SSU is encoded by a small gene family in the nuclear genome (SSU is plastid-encoded in non-green algae, such as diatoms and red and brown algae). The enzyme assembles in the chloroplast first as an L 8 octamer. This assembly depends on general and specific chaperone proteins. The SSUs are imported into the chloroplast where they displace the chaperones to form the mature L 8 S 8 octamer. Structurefunction studies of Rubisco are hindered by the fact that the plant enzyme does not assemble correctly in Escherichia coli. Furthermore, the ability to modify the LSU gene requires plastid genome engineering, which is currently only feasible in a small range of plant species.
Rubisco Regulation
In photosynthetic organisms, the reactions downstream of Rubisco require NADPH and ATP, which are products of the light-dependent reactions. Rubisco activity is regulated by transcriptional, posttranscriptional, posttranslational, and metabolic processes to ensure that it is formed and active only when needed. For example, transcription of the SSU genes is light-dependent, and the accumulation of stoichiometric amounts of LSU to SSU occurs through a process known as control by epistasy of synthesis, through which unassembled LSU may suppress its own translation.
The activity of assembled Rubisco is regulated by reversible binding of various sugar phosphate inhibitors that include its own substrate, RuBP. Rubisco activation requires that a conserved lysine residue in the catalytic site is carbamylated and binds a Mg 21 ion before catalysis can proceed. If uncarbamylated, the enzyme is inactive but can bind the substrate RuBP. Because the inactive enzyme is unable to catalyze or easily release RuBP from the catalytic site, catalysis is inhibited. Furthermore, other sugar phosphates including xylulose bisphosphate (XuBP; an isomer of RuBP) and 2-carboxy-D-arabinitol 1-phosphate (CA1P) act as competitive inhibitors of Rubisco. CA1P specifically inhibits Rubisco in the dark, as it is degraded by a dedicated, light-regulated phosphatase in the light. XuBP is also degraded by a substratespecific XuBPase.
Activating Rubisco through the dissociation of sugar phosphate inhibitors bound to the catalytic sites is facilitated by the enzyme Rubisco activase. The first evidence for a Rubisco activating enzyme came from biochemical studies, later confirmed by the isolation of the Arabidopsis thaliana mutant rca, which fails to activate Rubisco upon a shift from dark to light; this mutant is only viable under elevated CO 2 conditions. Rubisco activase uses the energy from ATP to remove tightly bound substrate or competitive inhibitors from the active site to release Rubisco from inactivity. Rubisco activase is a heat-labile enzyme and can sometimes be the limiting factor in photosynthesis at elevated temperatures, but this limitation may also serve to suppress Rubisco activity when conditions are unfavorable.
CALVIN-BENSON CYCLE: RUBISCO REGENERATION
After RuBP carboxylation by Rubisco, a cyclic reaction takes place that regenerates RuBP. This cycle goes by several names, including the reductive pentose phosphate pathway and the one we use here, the Calvin-Benson cycle.
A Historical Interlude and the Question of Nomenclature
The events and experiments leading to the discovery of the Calvin-Benson cycle have been written about extensively, and the reader is directed to any of many first-person accounts of this important work. The short version is that between 1945 and 1954, the lab led by Melvin Calvin and Andrew Benson used the new technology of radioactive tracers and a lot of ingenuity to tease apart the events downstream of the Rubisco carboxylation reaction. One of the key findings was that the metabolic process is cyclical and involves the regeneration of the substrate RuBP.
The group used single-celled green algae (Chlorella spp and Scenedesmus spp) as their experimental organisms. They fed these cells 14 C-labeled CO 2 (often in the form of a bicarbonate solution), stopped the reaction by killing the cells after various lengths of time, and analyzed the radioactive products to determine the fate of the newly fixed CO 2 .
One of their findings is that the carboxylation of ribulosebisphosphate (a five-carbon sugar) leads to a very unstable and short lived six-carbon sugar that is cleaved into two identical three carbon compounds, 3-phosphoglycerate (3-PGA). Plants in which the first product of inorganic carbon fixation is 3-PGA are referred to as C 3 plants.
Honoring these seminal discoveries, several terms are used to describe the biochemical pathway that regenerates Rubisco, including Calvin cycle, Calvin-Benson cycle, Benson-Calvin cycle, and Calvin-Benson-Bassham cycle. Melvin Calvin was solely awarded the Nobel Prize in Chemistry in 1961 "for his research on the carbon dioxide assimilation in plants." Nevertheless, it is widely considered that the Nobel Committee should have included in the award his collaborators who contributed key insights, skills, and innovations to the elucidation of the pathway. After careful consideration and consultations with several experts (including indirectly James Bassham), we have chosen to refer to this cycle as the Calvin-Benson cycle.
The Biochemistry of the Calvin-Benson Cycle
The Calvin-Benson (CB) cycle is a reductive pentose phosphate pathway; it begins with a phosphorylated five-carbon sugar (a pentose phosphate, RuBP) and the net outcome is the reduction of CO 2 .
The cycle is comprised of three stages. The first is the carboxylation step, in which CO 2 is covalently bound to RuBP. When RuBP binds to activated Rubisco, it is enolized to the 2,3-enediolate form. Carboxylation occurs on the second carbon and then the unstable product splits between C 2 and C 3 to produce two molecules of 3-PGA.
The second stage of the CB cycle is the reduction phase, which is the first point where the products of the light reactions are used. Each molecule of 3-PGA is first phosphorylated and then reduced to glyceraldehyde-3-phosphate and its isomer dihydroxyacetone phosphate. These two triose phosphates can have several fates. They can exit the CB cycle as biosynthetic precursors for sucrose, starch, or isoprenoids. They can be modified further by CB cycle enzymes and then exit the cycle as four-or five-carbon compounds to serve as biosynthetic precursors in the shikimate or thiamine nucleotide pathways. Or, they can remain in the CB cycle, contributing to an increase in the size of the pool of RuBP. Thus, the CB cycle provides many branch points at which the metabolic pool of intermediates can grow or shrink. The factor(s) that limits photosynthesis depends on both temperature and context; in elevated CO 2 , the carboxylation reaction is less limiting and other factors such as RuBP regeneration or the lightharvesting reactions become limiting.
In conditions under which the pool of RuBP stays constant, for every three CO 2 molecules fixed, one triose phosphate destined for energy production or biosynthesis is generated. The remaining five three-carbon molecules are rearranged to regenerate three five-carbon RuBPs, in a set of reactions involving 10 enzymes. Although we don't list all of these enzymes here, we will note two, fructose-1,6-bis-phosphatase (FBPase) and sedoheptulose-1,7-bisophosphatase (SBPase), which have been investigated for their potential to alter the rate of RuBP regeneration. Both FBPase and SBPase accumulate to low levels in the chloroplast compared with other enzymes of the CB cycle. Efforts to modulate their expression level through transgenic approaches indicate that under certain conditions when their expression level is decreased, the rate of photosynthesis and plant growth decreases, and when their expression level increases, so does the rate of photosynthesis. Presumably these effects are due to changes in the CB cycle metabolite pool. Ongoing studies include examination of how changing the expression levels of these enzymes impacts specific metabolites, as well as how their overexpression in combination with other CB-cycle enzymes and carbon transporters affects the rate of carbon assimilation.
PHOTORESPIRATION
The name "photorespiration" refers to the reactions that lead to light-dependent CO 2 release and O 2 uptake; it is called "respiration" because O 2 is consumed and CO 2 is produced and "photo" because it is light dependent. There is no implied relationship between photorespiration and cellular respiration, the mitochondrial reactions that lead to a conversion of organic carbon to CO 2 with the accompanying consumption of O 2 .
Photorespiration is primarily a strategy to recover the carbon from 2-phosphoglycolate (2-PG), one of the products of RuBP oxygenation. Rubisco's oxygenation reaction produces one molecule of 3-PGA (as in the carboxylation reaction) and one molecule of 2-PG. In plants, the net result of photorespiration is the conversion of two molecules of 2-PG into one molecule of 3-PGA (which reenters the CB cycle) and one molecule of CO 2 . Photorespiration is a necessary process that occurs in all photosynthetic organisms including cyanobacteria. It both minimizes the loss of organic carbon that follows RuBP oxygenation and eliminates toxic enzyme inhibitors derived from this reaction.
The evolution of photorespiration is complex. In cyanobacteria, there are three photorespiratory pathways: a plant-like pathway, an alternate pathway that involves the conversion of glycolate to glycerate, and in some species, complete oxidation of 2-PG to CO 2 . In land plants, the photorespiratory cycle involves enzymes located in the chloroplast, the peroxisome, and the mitochondria and uses enzymes descended from endosymbiotic ancestors of both chloroplasts and mitochondria. Therefore, the metabolic capability provided by the ancestral cyanobacteria has been optimized by compartmentalization and other adaptations. Although photorespiration occurs in green algae as well as land plants, there are clear differences in the details between these groups.
The photorespiratory pathway provides opportunities to engineer greater photosynthetic efficiency into plants and sheds light onto the evolution of C 4 photosynthesis, so we summarize it briefly here. In plants, 2-PG produced by Rubisco in the chloroplast is dephosphorylated to glycolate, which is transported into the peroxisome. Here, it is oxidized to glyoxylate; this reaction liberates hydrogen peroxide, which is detoxified by the peroxisomally localized enzyme catalase. A transamination reaction produces glycine, which is translocated to the mitochondria. In the mitochondria, the glycine decarboxylase complex together with serine hydroxymethyltransferase combines two glycines (each with two carbons) to produce serine (with three carbons), releasing CO 2 and NH 3 . The resulting serine is transported back into the peroxisome where it is reduced to glycerate, which is transported into the chloroplast where it is phosphorylated to 3-PGA and reenters the Calvin-Benson cycle. Refixing CO 2 and NH 3 released by the glycine carboxylase complex into organic form is energetically costly (recycling one molecule of 2-PG requires 12.5 molecules of ATP), so photorespiration is a metabolically wasteful process.
Recently it has become clear that photorespiration is also a necessary process. Mutations that block the photorespiratory cycle are lethal unless grown in high CO 2 /low O 2 conditions to minimize RuBP oxygenation. RuBP oxygenation drains metabolites from the Calvin-Benson cycle, which must be replenished. In C 3 plants in today's atmosphere, approximately one-third of all of Rubisco's reactions are oxygenation reactions. For every four CO 2 fixed by Rubisco, two O 2 would react, forming two molecules of 2-PG; therefore, the same amount of carbon fixed by Rubisco would be locked up as 2-PG. If the resulting 2-PG were not recycled through photorespiration, photosynthesis would quickly grind to a halt.
Photorespiration appears to have additional benefits besides 2-PG recovery. In high light and drought conditions, ATP and NADPH production can accumulate faster than they can be used by the Calvin-Benson cycle. Photorespiration has been proposed as providing a pathway for recycling ATP and NADPH under these conditions. Additionally, there is a not fully understood positive link between photorespiration and nitrate assimilation, which causes nitrate assimilation to be decreased in high CO 2 conditions when photorespiration is decreased. Other direct intersections between photorespiration and metabolism continue to be elucidated.
Engineering More Efficient 2-PG Processing: Photorespiratory Bypass
In spite of its benefits, photorespiration is responsible for a considerable loss of potential biomass. For example, photorespiration is estimated to account for a decrease of 20% of wheat in the US and 36% of soybean yields in the US, worth half a billion dollars (see Walker et al., 2016) . Here, we describe a strategy that attempts to decrease the metabolic impact of photorespiration by bypassing some of the more costly steps.
In the normal plant pathway, glycolate is produced in the plastids by the dephosphorylation of 2-PG, but then transported into the peroxisome and then mitochondria for further chemistry. One type of photorespiratory bypass involves expressing the enzyme glycolate oxidase in the plastid. By keeping glycolate in the plastid, it is metabolized through a shorter and less wasteful pathway. One metabolic savings comes from the fact that this bypass does not release NH 3 , saving the plant the energy involved in ammonia reassimilation. Furthermore, in this bypass pathway, the CO 2 is released in the plastid rather than the mitochondrion, allowing it to be reassimilated more effectively by Rubisco. Additional metabolic savings include the cost of transporting the metabolic intermediates between the various subcellular organelles. Consistent with a more energetically favorable photorespiratory pathway, plants that are engineered to express glycolate oxidase, malate synthase, and catalase in the plastid (so-called GMK plants) show increased growth rates under ambient conditions. Additional bypass strategies to minimize the impact of impacts are being explored and evaluated.
CARBON-CONCENTRATING MECHANISMS
Many organisms address the problem of Rubisco's lack of selectivity by increasing the local concentration of CO 2 at the enzyme's active site through various carbon-concentrating strategies. By locally raising the concentration of CO 2 , carbon-concentrating mechanisms diminish Rubisco's oxygenation reaction as well as photorespiration. Note that these are all additional strategies layered on top of the activities of Rubisco and the Calvin-Benson cycle. CO 2 is highly membrane permeable and in addition to concentrating CO 2 , these strategies also minimize its diffusive loss. Carbon-concentrating mechanisms include carboxysomes (structures found in cyanobacteria), pyrenoids (structures found in eukaryotic algae and some plants), and the biochemical prefixation of CO 2 (as HCO 3
2 ) upstream of Rubisco by the enzyme PEPC in some plants. Essentially, organisms that use these strategies separate carbon assimilation (uptake from the atmosphere) from carbon fixation (carboxylation by Rubisco), whereas in organisms that do not use these strategies, assimilation and fixation occur in the same step.
Carboxysomes
Carboxysomes are structures found in bacteria in which CO 2 can be concentrated as much as 1000-fold at the vicinity of Rubisco; they are considered the most effective of the carbonconcentrating mechanisms. The timing of carboxysome evolution is under debate; although it has been assumed that they evolved in cyanobacteria after plastid endosymbiosis, some glaucophyte algae have carboxysome-like structures in their plastids, arguing the possibility of an earlier, pre-endosymbiotic origin.
At least two types of carboxysomes arose independently. Carboxysomes have a protein shell similar to that that surrounding a virus, made of proteins not found in eukaryotes. Carboxysomes contain Rubisco and elevated concentrations of inorganic carbon in an equilibrium between CO 2 and HCO 3 2 that is maintained by localized carbonic anhydrase activity. These high inorganic carbon levels arise from constitutive (always on) and inducible inorganic carbon protein transporters that elevate CO 2 and HCO 3 2 concentrations in the cell's cytoplasm. The main form of inorganic carbon in the cytoplasm is HCO 3 2 (bicarbonate) that diffuses poorly outward across the lipid bilayer membrane but effectively moves into the carboxysomes through the protein shell. Within the carboxysome, carbonic anhydrase catalyzes the conversion of bicarbonate to CO 2 that is fixed by Rubisco.
Pyrenoids
Pyrenoids are diverse carbon-concentrating protein structures found in the chloroplasts of most unicellular algae, some seaweeds, and hornworts, the earliest diverging land plants. Pyrenoids have evolved many times probably 300 to 400 million years ago or so. Unlike carboxysomes, pyrenoids do not have an outer protein shell but are comprised mainly of tightly packaged Rubisco, interspersed with thylakoids. Carbon concentration in pyrenoids requires the uptake of HCO 3 2 through transporters at the plasma membrane and chloroplast envelope. CO 2 produced by carbonic anhydrase in thylakoids diffuses across the membranes into the pyrenoids for fixation by Rubisco. Pyrenoid formation is usually an inducible response to low CO 2 .
Pyrenoid structure and function has been particularly well studied in the genetically tractable alga Chlamydomonas reinhardtii, but the ecological roles of the structurally and functional diverse pyrenoids are less well characterized. Not all green algae form pyrenoids; for example, species living in fast-flowing water that has a relatively higher CO 2 concentration compared with still water can lack pyrenoids.
PEPC
Two related photosynthetic strategies, C 4 and CAM, have evolved in plants. In C 4 photosynthesis, the enzyme PEPC reacts with phosphoenolpyruvate (PEP) and HCO 3 2 to form four-carbon products that are transported to the site of Rubisco and decarboxylated to provide Rubisco with a saturating supply of CO 2 that effectively suppresses its oxygenation reaction. Through this additional carbon-concentrating mechanism, photosynthesis in C 4 plants is much more efficient at resource use (water, nitrogen, and light) than in C 3 plants, and C 4 plants are characterized as having relatively higher yields. CAM plants use a similar strategy of carbon assimilation by PEPC, but in these plants, PEPC is active at night and the resulting four-carbon organic acids are stored in the vacuole. CAM plants are typically less photosynthetically efficient than C 3 plants, as there is a limit to how much acid they can store. The great benefit of CAM is in its water efficiency; by assimilating carbon at night when temperatures are cooler, CAM plants decrease their evapotranspirational water loss compared with plants that assimilate carbon during the daytime.
C 4 PHOTOSYNTHESIS
In C 4 photosynthesis, PEPC produces a four-carbon compound that is decarboxylated to release CO 2 near Rubisco. Compared with C 3 plants, C 4 have improved resource use; they are 50 to 100% more nitrogen efficient due to both a lower demand for Rubisco and as a consequence of decreased levels of NH 3 release via photorespiration, and they are 1.5-to 4-fold more water efficient because they are able to fix CO 2 even when their stomatal conductance is low, reducing the cost of evapotranspirational water loss during photosynthesis. C 4 plants have evolved in dry, hot, sunny regions where C 4 metabolism is most beneficial. They have an advantage in dry conditions because the ability to maintain lower stomatal conductance makes them more water-use efficient. They have an advantage in hot conditions because Rubisco selectivity and the relative solubility of CO 2 to O 2 in solution decreases with increasing heat, which raises the effective ratio of oxygen to carbon dioxide at Rubisco; thus, the benefits of C 4 photosynthesis are enhanced at higher temperatures. Finally, because carbon fixation in C 4 plants is not CO 2 limited and the energy cost of photorespiration low, they are able to take better advantage of higher light intensities, often showing no light saturation at irradiances well above that of natural sunlight.
History
The C 4 biochemical pathway is sometimes called the HatchSlack pathway, after Marshall Hatch and Roger Slack who were among the first to suggest it based on their studies of sugarcane (Saccharum spp). Following up on observations reported by others, including unusual anatomy in C 4 plants, their greater water-use efficiency, and preliminary reports of their unusual 14 C-labeling patterns, Hatch and Slack used pulse-chase studies to examine the fate of newly fixed 14 CO 2 label. Unlike the results from the C 3 plants studied by Calvin and colleagues, Hatch and Slack found that the label first accumulated in malate and aspartate, four-carbon (C 4 ) acids. In 1966, they proposed that sugarcane uses a novel carboxylation reaction to incorporate CO 2 into C 4 acids, which are subsequently transferred to sugars. Historical perspectives of the discovery of this pathway can be explored further in the references provided.
Calvin and colleagues worked with the radioactive carbon isotope 14 C. The nonradioactive, stable 13 C isotope has also proved useful in the study of photosynthesis. 13 C is a stable, nonradioactive carbon isotope that accounts for 1.1% of carbon on earth. Many enzymes and biological processes can discriminate between the smaller 12 C and larger 13 C isotope. Because it uses CO2 rather than HCO 3 2 as a substrate, Rubisco is much more selective than PEPC against 13 C. Therefore, the relative amount of 13 C to 12 C in a plant reflects whether the plant uses PEPC or Rubisco to first assimilate CO 2 . For example, stable isotope studies have been important in tracing the evolutionary origins of C 4 photosynthesis, revealed by an increase in the relative abundance of 13 C in the fossil record. Note that a plant's isotope composition is not solely correlated with carboxylation by PEPC or Rubisco though, as many other processes show isotope selectivity, particularly CO 2 diffusion and stomatal conductance (see the Teaching Tool How Plants Manage Water Deficit and Why It Matters). Nevertheless, stable isotope discrimination is an important tool for studies of C 3 and C 4 photosynthesis.
Phylogeny and Diversity of C 4
C 4 plants evolved from C 3 plants through a process that involves changes in leaf anatomy as well as leaf biochemistry. There are ;8000 known species of C 4 plants, representing ;61 unique lineages, each an independent evolutionary event. C 4 photosynthesis arose ;30 million years ago first in grasses, which account for more than half of all C 4 species, but also in many dicots, some as recently as 5 million years ago. C 4 evolved mainly in semi-arid environments including Central America, Sub-Saharan Africa, and Central Asia. Important C 4 plants grown for food or fuel include maize (Zea mays), sugarcane (Saccharum spp), sorghum (Sorghum bicolor), various millets, Miscanthus spp, and switchgrass (Panicum virganum). It is estimated that ;3% of angiosperms are C 4 plants, yet they account for about a quarter of terrestrial primary productivity, partly because C 4 allows for a greater photosynthetic efficiency but also because these high-yielding crops are so extensively cultivated.
Anatomy and Biochemistry of C 4 Photosynthesis
Because C 4 has many independent evolutionary origins, there is some variability to C 4 biochemical and anatomical adaptations. We will start by describing the features of a typical C 4 plant, mainly from studies in maize, and then examine some of their differences.
Most C 4 plants are characterized by a differentiation of photosynthetic labor between two types of chloroplast-containing cells. Bundle sheath cells typically form a ring or sheath around a vein, making these cells well suited for the export of carbohydrate and also limiting their surfaces available for gas exchange. The chloroplasts of bundle sheath cells characteristically contain Rubisco and lack O 2 -evolving photosystem II complexes. Mesophyll cells surround the bundle sheath cells, in a concentric arrangement described as "Kranz" anatomy (meaning "wreath"). The mesophyll cell chloroplasts have high PEPC activity and PSII activity and lack Rubisco. In C 4 plants, the bundle sheath cells often are larger and have more chloroplasts and thicker walls than the corresponding cells in C 3 plants, and the spacing between veins is smaller.
The first step of C 4 photosynthesis is the formation of HCO 3 2 from CO 2 by carbonic anhydrase in the cytoplasm of C 4 mesophyll cells. Interestingly, in C 3 plants carbonic anhydrase is localized to the chloroplast, and studies suggest that in C 4 plants the cytosolic enzymes have lost the transit peptide that directs their import into the chloroplast. The next step, which also takes place in the cytosol of the mesophyll cell, is the carboxylation of PEP by PEPC to produce the four-carbon compound oxaloacetate (OAA). In the mesophyll cells, OAA is converted to malate or aspartate, which is transported into adjacent bundle sheath cells, where CO 2 is released by a C 4 -acid decarboxylase. The three-carbon compound released by the decarboxylase is directly or indirectly returned to the mesophyll cell and finally PEP is regenerated from pyruvate by the action of pyruvate,phosphate dikinase (PPDK).The details of this carbon shuttle vary between species but can be grouped according to the properties of the decarboxylating enzyme. Traditionally, these have been described as three subtypes: NADP-malic enzyme (NADP-ME), NAD-malic enzyme (NAD-ME), and PEP carboxykinase (PEPCK). However, it now appears that there are two subtypes, NADP-ME and NAD-ME, with variable contributions of PEPCK. Decarboxylation of the C 4 acid in the bundle sheath cell raises the concentration of CO 2 in these Rubisco-producing cells, which effectively lowers the rate of RuBP oxygenation and, therefore, photorespiration.
The availability of good model organisms is important to understand what set of genes is required for C 4 photosynthesis, what limits it under various conditions, how it evolved, and how metabolism is regulated. Ultimately, this information might be used to introduce features of C 4 photosynthesis into C 3 crop plants to enable them to achieve the higher yields that characterize C 4 species. Alongside maize, new C 4 plant models include two closely related grasses, a wild species, Setaria viridis (green millet), and its cultivated relative, Setaria italica (foxtail millet). Both species have small genomes, and as a small, fast-growing, transformable grass with a short life cycle, S. viridis is well suited for functional genetic studies.
Evolution of C 4 Photosynthesis
The fact that C 4 has evolved repeatedly from C 3 suggests that there is a relatively low threshold for this transition. A current model suggests that between C 3 and C 4 lie a few key innovations that themselves confer fitness advantages. Our understanding of the steps between C 3 and C 4 is enhanced by so-called C 3 -C 4 intermediate species, which show some aspects of the C 4 strategy. The dicot genus Flaveria has been useful for these studies as it includes C 3 , C 4 , and intermediate species One of the intermediate phenotypes is described as "protoKranz" and involves the relocation of mitochondria in bundle sheath cells toward the inner wall adjacent to the vascular bundle. Because during photorespiration the decarboxylation of glycine and release of CO 2 occurs in mitochondria, it is thought that this positioning promotes the reassimilation of photorespiratory CO 2 by the bundle sheath chloroplasts.
A second intermediate phenotype is called C 2 photosynthesis (also known as C 3 -C 4 intermediate photosynthesis). In C 2 photosynthesis, a two-carbon compound is transferred from mesophyll cells to bundle sheath cells in a process known as a two-celled glycine shuttle or a two-celled photorespiratory CO 2 pump. Here, the glycine decarboxylase complex is only present in the mitochondria of bundle sheath cells. Therefore, the decarboxylation of glycine and release of CO 2 occurs only in the bundle sheath cells, facilitating the reassimilation of CO 2 . The similarities between C 2 and C 4 metabolism are obvious; photosynthetic efficiency is increased by the specialization of bundle sheath and mesophyll cell biochemistry and transfer of metabolites from one cell to another. Models suggest that the transition from C 2 to C 4 metabolism is fairly simple, perhaps explaining why there are relatively few C 2 plants.
All of the genes required for C 4 photosynthesis are present in the genomes of C 3 plants. Often these genes have simply undergone a change in expression pattern or the subcellular localization of the encoded protein. For example, studies of both C 4 and CAM plants show that genes encoding photosynthetic PEPC likely arose following gene duplication of nonphotosynthetic genes found in C 3 plants. The protein encoded by the ancestral duplicated gene subsequently acquired elevated and cell-typespecific expression in the leaves and also specific amino acid changes that make it more efficient than nonphotosynthetic enzymes.
Developmental Origins of C 4
Various experimental strategies have explored the development of C 4 -supporting anatomy, including investigations into the developmental changes associated with an environmentally induced switch from C 3 to C 4 in plants known as facultative C 4 plants. Studies in model organisms are also informative.
As an example, the linear growth and developmental progression from tip to base of maize leaves means that a sequential pattern of cells, mRNAs, and metabolites can be identified as the tissue progresses from nonphotosynthetic sink tissue (base) to photosynthetically active source tissue (tip). As expected, in mature C 4 tissues, genes encoding PEPC, carbonic anhydrase, and a malate transporter are preferentially expressed in mesophyll cells, and genes encoding Rubisco and NADP-malate enzyme are preferentially expressed in bundle sheath cells.
Interestingly, this progression from sink to C 4 photosynthesis appears to be direct, with no intermediate C 3 stage as had once been assumed.
Looking at younger tissues, genes correlated with establishing Kranz anatomy and biochemical differentiation required for C 4 photosynthesis have been identified. Interestingly, the SCARECROW and SHORT-ROOT transcription factors that mediate patterning in roots appear to be involved in the developmental patterning of Kranz anatomy.
Similar studies have been conducted with facultative C 4 plants such as Eleocharis vivipara, an aquatic sedge (angiosperm), in which submerged leaves use C 3 photosynthesis, and those above the waterline use C 4 . The transition from C 3 to C 4 can be induced by application of the hormone abscisic acid. Studies of a related plant, Eleocharis baldwinii, revealed a suite of transporters, metabolic enzymes, and regulatory factors that differ between the induced and uninduced tissues. An understanding of the developmental processes that lead to Kranz anatomy and C 4 photosynthesis will support efforts to transfer aspects of the more efficient C 4 pathway into C 3 crops like rice (Oryza sativa).
C 4 in a Single Cell
The many independent origins of C 4 have led to anatomical as well as biochemical variation. Although Kranz anatomy is often associated with C 4 photosynthesis, it is neither necessary nor sufficient. The sole C 4 requirements are for the carboxylases to be spatially separated but close enough for metabolite exchange and for the atmospheric gasses to first encounter the PEPCcontaining compartment.
At the opposite extreme from mature Kranz anatomy is the condition of C 4 taking place in a single cell. In single-cell C 4 , two distinct compartments and chloroplast types coexist within one cell. So far, four single-cell C 4 species have been identified, all halophytes in the Amaranthaceae family: Suaeda aralocaspica and four species of Bienertia. The ability of these species to carry out C 4 photosynthesis is due to the formation of specialized subcellular compartments, each containing a distinct chloroplast type. In the model species Bienertia sinuspersici, chloroplasts in the peripheral compartment generate PEP, which is carboxylated by PEPC in the peripheral compartment. Chloroplasts in the central compartment express Rubisco and carry out the secondary carboxylation reaction and the Calvin-Benson cycle. In other words, the peripheral compartment functionally resembles the mesophyll cell, and the central compartment functionally resembles the bundle sheath cell. An open question is how two types of plastid within the same cell express a different set of proteins and functions. Furthermore, there is an ongoing debate whether single-celled diatoms use a variant of C 4 metabolism or just a very efficient system of bicarbonate transporters and carbonic anhydrases to concentrate CO 2 .
CRASSULACEAN ACID METABOLISM
In CAM, CO 2 is fixed into organic acid by PEPC. It is distinguished from C 4 metabolism in that the initial CO 2 fixation occurs at night, employing what is often referred to as a reverse stomatal cycle (stomata open at night rather than in the daytime). By assimilating CO 2 at night, when temperatures are lower and humidity higher, CAM plants lose less water to evapotranspiration than if their stomata were open during the day. Accordingly, CAM plants are characterized by an increase in water-use efficiency compared with either C 3 or C 4 plants. Specifically, while C 3 plant may fix 0.5 to 1 mmol CO 2 /mol H 2 O (according to Nobel, 1991) , in C 4 plants, this value is roughly doubled (1 to 2 mmol CO 2 /mol H 2 O), and it is about 6-fold higher in CAM plants (4 to 10 mmol CO 2 /mol H 2 O) compared with C 3 plants.
The PEPC-fixed carbon is stored in the vacuole as malate; nighttime acidification was the trait that first suggested the unusual biochemistry of CAM plants. During the day, when light-dependent photosynthetic reactions produce ATP and NADPH necessary for the Calvin-Benson cycle, malate is decarboxylated to provide CO 2 to Rubisco. Like C 4 , decarboxylation occurs through the action of NAD-ME, NADP-ME, or PEPCK. This occurs in the same cells as prefixation by PEPC occurs, but with a strict temporal separation of the activities of PEPC and Rubisco. It is often said that C 4 plants separate PEPC and Rubisco spatially, and CAM plants separate them temporally.
CAM has been described as having four phases. Phase 1 occurs at night when stomatal conductance and CO 2 fixation are both high. Phase 3 occurs during the middle of the day when stomatal conductance and CO 2 fixation are both low. Phases 2 and 4 are the transitions between 1 and 3, and 3 and 1, respectively. During these transition phases, CO 2 fixation can occur by PEPC and Rubisco at the same time.
CAM likely is under the control of the circadian clock and also under metabolic control. PEPC is phosphorylated and activated at night by a dedicated kinase whose activity is under the control of the circadian clock. During the daytime, the dephosphorylated form of PEPC is subject to inhibition by malate, suppressing its activity. PEPC activation at night lowers the concentration of CO 2 in substomatal cavities, which may contribute to the opening of the guard cells. As indicated earlier, Rubisco activity is upregulated by light, thus keeping the two carboxylases temporally separated.
Phylogeny and Diversity of CAM
The name "Crassulacean acid metabolism" derives from the family Crassulaceae, in which all species use CAM. Like C 4 , CAM has evolved independently many times and is found in at least 36 families and in ;6% of vascular plant species, about twice as many species as exhibit C 4 photosynthesis. Unlike C 4 , CAM can be found in some gymnosperms and ferns as well as in angiosperms.
Most CAM species occur in arid regions characterized by large diurnal temperature fluxes. For example, most species in the cactus family (Cactaceae) and many in the euphorbia family (Euphorbiaceae) are CAM plants. Epiphytes, plants that grow on top of other plants, can often experience water deficiency stress due to their lack of contact with the soil. Orchids (Orchidaceae) and bromeliads (Bromeliaceae) are epiphytes and about half of the species in these families use CAM. Economically important CAM plants include the vanilla orchid (Vanilla planifolia), pineapple (Ananas comosus, a bromeliad), Aloe vera, and Agave tequilana. Several species of Agave and Opuntia (Cactaceae) are already being used and developed for use in biofuel production on arid lands; plants in these genera are also used for the production of sweeteners, alcohols, fibers, and various other products.
A few aquatic plants also have evolved CAM. Because water restricts CO 2 diffusion, CO 2 uptake can be limiting for aquatic plants. CAM may benefit aquatic CAM plants by enabling them to take up CO 2 at night when competition for CO 2 from other aquatic plants is lower.
CAM Is a Highly Plastic Trait
In some plants, CAM is a constitutive trait that never varies. However, in many plants, CAM is a highly plastic trait that occurs in some but not other conditions. In some cases, the plant switches repeatedly between C 3 and CAM in response to environmental conditions such as water availability, salinity, light intensity, and temperature. Several species of Clusia provide good models for the study of facultative CAM, switching into nighttime gas exchange during periods of drought. Portulaca oleracea shifts from C 4 to CAM upon drought, truly a photosynthetic superstar! Plants also show variations of the classic CAM cycle. For example, CAM cycling can occur in plants when their stomata are closed at night and refers to the nocturnal fixation by PEPC of CO 2 released by cellular respiration; CAM cycling results in nocturnal acidification due to the formation and storage of organic acids. Along similar lines, CAM idling occurs in some plants when they experience severe drought. Although these plants keep their stomata closed during both night and day, they use PEPC to fix the CO 2 released in mitochondria during nighttime cellular respiration (and so show a characteristic dark acidification).
Even in obligate CAM plants there are developmental controls in the establishment of CAM, as many exhibit C 3 photosynthesis at the seedling stage. In ice plant (Mesembryanthemum crystallinum), the switch from C 3 to CAM is largely irreversible.
Anatomical Features Associated with CAM
Many CAM plants exhibit succulence, a trait associated with water storage. Succulence includes thick leaves, often with three-dimensional (rather than planar) venation, reduced intercellular air spaces, and enlarged vacuoles. Succulence supports CAM in part by facilitating nighttime storage of organic acids. However, succulence is not restricted to CAM photosynthesis nor is CAM restricted to species exhibiting succulence; ;4% of vascular plants display some degree of tissue succulence, including C 3 , C 4 , and CAM species. In general though, increased succulence is a good marker for CAM, and a higher degree of leaf succulence is often associated with a greater reliance on CAM.
Reduced intercellular air space and low contact of mesophyll cells to air supports CAM by inhibiting the loss of CO 2 . As PEPC activity is rarely limited by CO 2 availability, restricting CO 2 diffusion is not a problem for PEPC-based carboxylation. However, these traits decrease the efficiency of Rubisco and C 3 photosynthesis by limiting the diffusion of CO 2 into the photosynthetic tissues, indicating that there can be a cost associated with the ability to switch between C 3 and CAM. Furthermore, when plant species abundance is plotted by isotope discrimination values (which indicate the relative amount of carbon fixed by PEPC versus Rubisco), a bimodal distribution is observed, possibly representing a decreased fitness associated with C 3 -CAM intermediacy.
Ongoing Studies of CAM
As described for C 4 , our understanding of CAM evolution, regulation, and biochemistry is advancing through the use of transcriptomic, proteomic, and metabolomic tools. These efforts are targeted toward exploring the diversity and distribution of CAM and also toward dissecting and characterizing CAM in several model species and families or genera that include both CAM and C 3 plants, such as Kalanchoë . In 2015, the first genomic sequences of the CAM plants pineapple and the orchid Phalaenopsis equestris were released, providing insights into CAM evolution.
One objective of these studies is to enhance and optimize the processes that occur in economically important CAM plants, for example, to engineer Agave species into viable bioenergy crops. Another goal is to engineer aspects of CAM biology into C 3 crops to increase their water-use efficiency. At a minimum, this task would involve changing the timing of PEPC activity and stomatal opening. Inducible CAM could engineer a crop to perform better under drought stress. Optimum constitutive CAM function would probably require increasing leaf succulence. Once the relevant CAM genes are identified, they could be introduced into the C 3 crop; alternatively, the C 3 genes could be engineered to function like their analogs in a CAM plant through genome editing methods. Although complex, such strategies could have big rewards by increasing plant productivity in unproductive, marginal arid lands.
EFFECTS OF RISING CO 2 LEVELS ON PLANTS
We are in a period of an unprecedented rate of change in atmospheric CO 2 levels, from 280 ppm in the 1870s to more than 400 ppm now, with anticipated levels of 550 ppm in 2050 and 700 ppm by 2100. The effect of increasing CO 2 in the atmosphere is often described as "CO 2 -fertilization" to reflect the fact that like mineral fertilizers, CO 2 can promote plant growth. How do plants respond to CO 2 fertilization, and how will food production be affected as this century unfolds?
The answers to these questions are surprisingly complex. To a first approximation, we can assume that increasing the atmospheric concentration of CO 2 will have a greater positive impact on C 3 plants than C 4 plants, and this assumption holds true; in general, photosynthesis in C 4 plants is not limited by CO 2 at today's levels. However, numerous studies indicate that the actual benefits of elevated CO 2 levels on C 3 plant productivity are significantly less than those expected. We can interpret these observed deficiencies as reflecting (1) frequent conditions where CO 2 is not the limiting factor in photosynthesis and (2) additional effects of elevated atmospheric CO 2 on plant physiology and the environment.
Crop yields are the results of many factors including genotype, soil qualities, nutrient and water availability, light interception, temperature, and pest or pathogen stress. If a plant's growth is limited by anything other than carbon fixation, than increasing CO 2 availability will not result in increased yields. As an illustration, nitrogen-fixing legumes typically show a higher positive response to increasing CO 2 than non-legumes, provided that no other nutrients are limiting growth.
The major difficulty in predicting how plants will respond to increasing CO 2 levels comes from the extensive integration of plant physiological responses. For example, when a plant is grown in elevated CO 2 , it lowers its stomatal conductance and so lowers its rate of transpirational water loss. However, because the phase change of liquid water evaporating to water vapor is an important component of plant cooling, such a plant is susceptible to overheating. Because Rubisco becomes less selective at higher leaf temperatures and the solubility of O 2 relative to CO 2 increases at higher temperatures, RuBP oxidation and photorespiration increase with higher temperatures; therefore, the beneficial effects of increasing CO 2 show diminishing returns. Another example is that as CO 2 levels rise, the plant produces less Rubisco (protein) that, together with decreased release of NH 3 by photorespiration, increases nitrogen-use efficiency. However, nitrate assimilation decreases with decreasing rates of photorespiration, so the plant can use available nitrogen less efficiently; again, the beneficial effects of elevated CO 2 show diminishing returns.
Another unexpected outcome of elevated atmospheric CO 2 is that crops grown in experimentally elevated CO 2 conditions are frequently found to be less nutrient dense than controls, both in terms of protein (with legumes providing an exception) and micronutrients such as zinc and iron. The mechanisms for this effect are not fully understood, but may involve an imbalance caused by the increased production of carbohydrate and decreased investment in Rubisco.
FACE (Free-Air CO 2 Enrichment) studies, in which plants growing in fields are supplemented with additional CO 2 , are key experimental systems to understand how global changes will affect future crop yields and provide data and insights for breeding studies. However, the limited availability of FACE facilities means that most FACE data come from a small number of crop species growing in temperate regions; our understanding of how natural ecosystems and tropical crops will be impacted by rising CO 2 lags behind.
Finally, as a greenhouse gas, increasing levels of atmospheric CO 2 have additional environmental impacts that include increases in global temperatures, impacts on rainfall patterns, increases in atmospheric ozone levels, changes in the distribution and activity of pests, pathogens, and microbial symbionts, and impacts on the plant's ability to tolerate or defend against such stresses.
ENGINEERING EFFICIENCY Engineering More Efficient C 3 Plants
Throughout this article we've alluded to potential targets for engineering more efficient C 3 photosynthesis. Some of these targets include the introduction of bicarbonate transporters to augment CO 2 diffusion into chloroplasts, engineering pyrenoids or carboxysomes into C 3 plants to concentrate CO 2 at the site of Rubisco, engineering greater selectivity into Rubisco to limit the oxygenation of RuBP, engineering C 4 or CAM photosynthesis into C 3 plants to concentrate CO 2 at the site of Rubisco and avoid its oxygenation reaction, and engineering bypasses to make photorespiration more efficient. Proof-of-concept studies have been performed for several of these strategies.
One of the most ambitious projects is the multi-institutional "C 4 rice project." Rice is the single greatest source of calories in the human diet, yet as a C 3 plant it is less photosynthetically efficient than maize. The goal of this project is to increase rice's photosynthetic efficiency by introducing C 4 characteristics. Within this project, some scientists are working to introduce Kranz anatomy into rice and others to introduce C 4 biochemistry. Ultimately, the groups' efforts should converge to produce rice that can produce more food per unit land from available sunlight and CO 2 ; a truly exciting prospect. Given that C 4 has evolved from C 3 more than 60 times in the past, engineering this transition one more time seems feasible.
Another appealing strategy is to go with a "Rubisco-independent" carbon fixation pathway. Six different pathways that fix inorganic CO 2 into organic form have been identified in a variety of prokaryotes and eukaryotes, involving a variety of energy sources. Any of these natural CO 2 -fixing strategies could be introduced into plants to get around the limitations of Rubisco as a carbonfixing enzyme. Furthermore, it could also be possible to use the tools of synthetic biology to engineer a novel carbon-fixing pathway; already a systematic modeling approach has led to the design of several simple synthetic pathways that use PEPC but not Rubisco for carboxylation. As yet their feasibility in vivo has not been demonstrated.
Engineering Photosynthesis for a Future with Elevated CO 2
It is widely accepted that, if all else remained unchanged, C 3 plants would benefit from rising levels of atmospheric CO 2 . However, it is also widely accepted that the greenhouse gas effect of atmospheric CO 2 is responsible for global change in precipitation patterns and temperature, leading to plants frequently experiencing unusual abiotic stresses. Along with changing temperatures, we can already see changes in the activity and distribution of many organisms with which plants interact in positive (e.g., pollinators, symbiotic microbes, beneficial endophytes) and negative (e.g., pathogenic bacteria, fungi, oomycetes, herbivores) ways. Furthermore, the metabolic changes associated with elevated CO 2 can alter the production of secondary metabolites that underpin both facilitative and defensive biotic interactions. Thus, efforts to "climate-proof" plants must span most metabolic, developmental, and defensive systems within a plant.
Photosynthesis also can be optimized for a CO 2 -enriched future. Under high CO 2 when Rubisco activity is not limiting, the regeneration of RuBP becomes limiting. Accelerating the rate-limiting steps of the Calvin-Benson cycle, for example, by increasing the expression of FBPase and SBPase, could allow the plant to take advantage of higher levels of CO 2 . Furthermore, factors such as transporters and plasmodesmata that affect the transport of metabolites between bundle sheath and mesophyll cells provide additional possibilities for optimization of photosynthesis under elevated CO 2 . (Strategies to engineer greater efficiency of light interception and harvesting are discussed in The Light-Dependent Reactions of Photosynthesis.)
As rainfall patterns change, we can anticipate that water limitation will become a recurring problem for many plants. Although CO 2 is not usually limiting for C 4 plants, it can become limiting when the plant experiences drought and needs to lower its stomatal conductance to conserve water. Under droughtinduced low CO 2 conditions, a C 4 plant could benefit from PEPC engineered to have a higher affinity for CO 2 . Other studies point to carbonic anhydrase and an aquaporin channel that facilitates CO 2 diffusion as additional targets to enhance C 4 photosynthesis under drought. Decreased evapotranspiration during drought can lead to prohibitively high leaf temperatures, which may be offset by engineering greater thermostability to Rubisco activase.
Finally, as the world warms and some regions become drier, CAM photosynthesis will become increasingly important. The tremendous water savings that accompany CAM could be engineered into other plants, either constitutively or so that it is induced under drought conditions. Inducible CAM occurs naturally and this trait could be a particularly efficient way to enable plants to thrive in regions where water availability is sporadic. Although CAM photosynthesis can be less efficient in C 3 -CAM plants than fully CAM plants, for example, due to a larger air/mesophyll interface that support C 3 photosynthesis, the benefits under drought conditions could outweigh any decrease in efficiency. Furthermore, the much higher water-use efficiency conferred by CAM makes these species well suited for cultivation of marginal lands not suited for most plants, for example, as bioenergy crops.
SUMMARY AND FUTURE DIRECTIONS
Carbon fuels life. Photosynthetic carbon fixation is the entry point into the biosphere of nearly all of life's carbon. The food and energy needs of more than 7 billion people (soon to be 9 billion) depend on the flow of the Sun's energy into organic carbon compounds through the process of photosynthesis. For the past 70 years, scientists have been assembling a detailed picture of this most crucial process and are making strides toward being able to redesign and optimize photosynthesis for diverse environments and conditions.
Research into the carbon-fixing reactions of plants began in earnest with the introduction of 14 C radioisotopes employed so successfully by Calvin, Benson, and colleagues in the 1940s. The work of Hatch and Slack half a century ago extended our understanding to alternative forms of photosynthesis, and further insights into how plants fix carbon have been emerging rapidly. Rubisco has often been described as the "most abundant enzyme in the world," and it is certainly one of the most interesting. The question of why Rubisco has carried the burden of its oxygenation reaction for the millions of years since atmospheric O 2 levels increased to significant levels remains fascinating and incompletely unanswered. For many organisms, the solution has been to evolve a work-around that raises the concentration of CO 2 at Rubisco enough to decrease theimpactof the oxygenation reaction. In agenus such a Flaveria, which has species that span from C 3 to C 4 with many in between, we can piece together the steps required for C 4 photosynthesis to evolve and almost see it happening before our eyes.
Many questions remain. The catalytic and kinetic properties of photosynthetic PEPC remain largely unexplored. Our understanding of the transporters that move metabolites between cells and organelles is poor. We don't yet know which steps limit carbonfixing reactions under many conditions. The genetic diversity of carbon fixation is still being explored, greatly facilitated by the many -omics tools that have been developed in recent years. We still need to learn how some plants are able to shift seamlessly between photosynthetic pathways as their environments change.
As we expand our knowledge, we can use it to adapt the evolutionary process (which may be inevitable in the face of climate change) toward C 4 or CAM in other species, particularly those that we rely on as our food sources. Such a monumental task requires a cross-disciplinary approach that draws on the expertise of biophysicists, systems and computational biologists, modelers, biochemists, and developmental biologists. How many genes have to be modified/edited/introduced to make C 4 rice? Can we use a gene editing approach or do we have to rely on transgenic tools? How do we ensure that the process operates efficiently and responds appropriately to the many metabolic and environmental signals that keep it running? Fifty years ago, when Hatch and Slack discovered C 4 photosynthesis, do you think they could have imagined the day would come when we would attempt to recreate it? (This is a representative list of sources to help the reader access a huge body of literature. We apologize in advance to those whose work is not included.)
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